The temperature dependency of the crystal structure and the polymorphic transition of CaC03 from aragonite to calcite were studied using Rietveld structure refinement and high-temperature in situ synchrotron powder X-ray-diffraction data at ambient pressure, P. The orthorhombic metastable aragonite at room P, space group Pmcn, transforms to trigonal calcite, space group R3c, at about 'Fe = 468°C. This transformation occurs rapidly; it starts at about 420°C and is completed by 500°C, an 80°C interval that took about 10 minutes using a heating rate of 8°C/min. Structurally, from aragonite to calcite, the distribution of the Ca atom changes from approximately hexagonal to cubic close-packing. A 5.76% discontinuous increase in volume accompanies the reconstructive first-order transition. Besides the change in coordination of the Ca atom from nine to six from aragonite to calcite, the C03 groups change by a 30°rotation across the transition.
INTRODUCTION
blueschist metamorphic rocks. As calcite and aragonite can coexist, both may occur in similar environments. Calcite is important in sedimentary environments and occurs in metamorphic and igneous rocks, as well as in hydrothermal and secondary mineralization.
There is interest in CO2 sequestration and in the transitions in calcite and aragonite, both CaC03. Studies on carbonate-group minerals are important in understanding their transition sequences and provide insights Aragonite is the most common orthorhombic carbonate. It occurs as the inorganic constituent of many invertebrate skeletons (shells of snails, ammonites, clams, corals, sponge spicules, etc.) and sediments derived from them. Aragonite is the stable phase at high pressure (P) and low temperature (T) in the Earth's crust; as such, it occurs as a primary phase in high-P into the behavior of carbon in the mantle (e.g., Antao et al. 2004 , Berg 1986 , Gillet et al. 1993 . Aragonite and calcite are of interest because they occur in various geological environments, and the orientational disorder in calcite influences the calcite-aragonite transition, which is used as a geobarometer and geothermometer (Redfern et al. 1989 , Carlson 1983 , Salje & Viswanathan 1976 .
The slope of the aragonite--calcite phase boundary varies continuously with a significant change in slope between the low-T, low-P part and the high-T, high-P part (Johannes & Puhan 1971) . The curvature of the calcite-aragonite coexistence curve was explained by orientational disorder in calcite (Redfern et al. 1989) . The crystal structure and high-T anion disorder in calcite was recently examined by , and the room-T structure of aragonite was re-examined by Antao & Hassan (2009) .
In this study, we obtained structural parameters with T for a well-crystallized sample of aragonite that was heated rapidly (8°C/min) from 25 to 700°C at ambient P. The entire experiment took about one hour to complete, including collection of all 40 X-raydiffraction traces. In addition to unit-cell parameters, we obtained other previously unavailable structural parameters (bond distances and angles) before and after the transition at about T; = 468°C.
BACKGROUND INFORMATION
At room P and T, calcite is the thermodynamically stable form, and aragonite exists metastably because of its sluggish conversion rate to calcite. At room P, the aragonite-to-calcite transition depends on several factors, such as chemical composition, humidity, presence of calcite nuclei, grain size, and strain (Carlson 1983 , Liu & Yund 1993 , Lucas et al. 1999 , Wardecki et al. 2008 . At ambient P, synthetic aragonite transforms to calcite at about 450°C (Lucas et al. 1999) . Pokroy et al. (2007) indicated that structural parameters of biogenic aragonite (mollusc shells) are slightly different from those of well-crystallized aragonite (metamorphic or sedimentary origins) because of the interaction between organic macromolecules and the growing crystallites during biomineralization. Structural differences may also depend on the trace-element (Mg, Sr) content of aragonite.
The thermal-expansion coefficient (TEC) of biogenic aragonite depends on the sample form and origin; powdered biogenic aragonite has the same TEC as aragonite, whereas uncrushed biogenic aragonite has smaller TEC values (Wardecki et al. 2008) . These authors observed that powdered biogenic aragonite transforms at 280°C, uncrushed biogenic aragonite transforms at 360°C, and aragonite from Atlas Mountains, Morocco, transforms at 450°C, which is the same as that of synthetic aragonite. Under Earth-surface conditions, the transformation of aragonite to calcite in snail shells in governed mainly by time instead of P or T, and the presence of trace amounts of Mg inhibits this transformation (Sheng et al. 2005) .
The crystal structure of aragonite was determined by Bragg in 1924 and Wyckoff (1925) , and refined by several others (Bevan et al. 2002 , Caspi et al. 2005 , Dal Negro & Ungaretti 1971 , De Villiers 1971 , Dickens & Bowen 1971 , Jarosch & Heger 1986 ). Several high-P studies are available for CaC03, BaC03 and SrC03 (Holl et al. 2000 , Lin & Liu 1997 , Ono 2007 , Santillan & Williams 2004 . Review of studies on calcite and aragonite are given in Reeder (1983) , and a Raman spectroscopic study was carried out by Gillet et al. (1993) . We have recently examined the room-T crystal structure of both aragonite, the high-P polymorph of CaC03, and calcite (Antao & Hassan 2009 , Antao et al.2009 ).
In the aragonite structure, layers of nine-coordinated Ca 2 + cations are parallel to (001), and the atoms occur approximately in the positions of hexagonal closepacking. This is in contrast with the deformed cubic close-packed arrangement of Ca 2 + cations in calcite, which adopt a sixfold coordination, and gives rise to the pseudohexagonal symmetry in aragonite (Fig. 1) . The C03 groups are slightly aplanar in aragonite, but planar in calcite.
EXPERIMENTAL
The aragonite sample used in this study, from Cuenca, Spain, occurs as a large (several ern in size) euhedral (hexagonal in shape) crystal; the chemical formula is nearly ideal, CaC03. This sample is probably from a sedimentary deposit. A room-T structure was obtained from Rietveld structure refinement and synchrotron high-resolution powder X-ray-diffraction (HRPXRD) data (Antao & Hassan 2009) .
In situ high-T synchrotron powder X-ray-diffraction (XRD) experiments were performed at beamline 1-BM, Advanced Photon Source, Argonne National Laboratory. The sample was loaded into a silica glass capillary of diameter 0.7 mm, that was sealed and oscillated during the experiment over a range of 10°. The high-T XRD data were collected using monochromatic synchrotron radiation [lI. = 0.61684(5) A] at room pressure and from about 25 to 702°C. The elevated Twas obtained using a heater and a thermocouple element placed close to the sample. On the basis of calibrations using various standards, the experimental error in Tis about ±2 K. Data were collected at regular intervals using a heating rate of about 8°C/min to a maximum 28 of about 30°. The heating experiment and collection of about 40 XRD traces were completed in about one hour. An image plate (IP) detector (Mar345) mounted perpendicular to the beam path was used to collect fullcircle Debye-Scherrer rings with an exposure time of 4 s. An external LaB6 standard was used to determine the sample-to-detector distance, wavelength, and tilt of the IP. The two-dimensional diffraction rings recorded by the 1P were integrated using the FIT2D program to produce conventional 1-28 XRD traces (Hammersley et al. 1996) .
RIETVELDSTRUCTUREREFINEMENT
To extract the structural parameters, the measured 1P XRD traces were analyzed by the Rietveld method (Rietveld 1969) , as implemented in the GSAS program (Larson & Von Dreele 2000 , Toby 2001 . For the room-T aragonite structure, the starting structural parameters were taken from Antao & Hassan (2009) , whereas those for calcite were taken from . Scattering curves for neutral atoms were used in all refinements. For both the aragonite and calcite structures, the C and 0 atoms were constrained to have the same U. A two-phase refinement method was used, and the weight fractions of both aragonite and calcite were obtained. Structural parameters are reliable where both phases occur in significant quantities. If the quantity of a phase is small, the structure was held constant and not refined. The majority of the aragonite-to-calcite • Re 2 = R structure factor based on observed and calculated structure-amplitudes transformation occurs between 458 to 477°C, so we consider T; equal to 468°C (Figs. 2a, b) . The background for each trace was modeled with a Chebyschev polynomial (16 terms). The reflection-peak profiles were fitted using type-3 profile in the GSAS program. A full-matrix least-squares refinement was carried out by varying a scale factor, cell parameters, zero shift, atom coordinates, and U. Near the end of the refinement, all parameters were allowed to vary simultaneously, and the refinement proceeded to convergence. The number of observed reflections in a typical XRD trace was about 123 for aragonite and 34 for the R3c calcite. Synchrotron powder XRD traces are shown in Figures 2a and 3 , as examples. Structural parameters for aragonite are given in Tables la and l b , and those for calcite, in Table 2 .
An improvement to the data in this study may be obtained using single-crystal X -ray-diffraction data to provide anisotropic displacement parameters (ADPs). Synchrotron powder XRD data are obtained rapidly on a fine T scale, but ADPs are not reliable.
RESULTSANDDISCUSSION

Structure of aragonite and R3c calcite
The idealized structure of aragonite has an approximate hexagonal close-packing, with the C atoms of the C03 groups projecting nearly on top of each other (Fig.  la) . The Ca atom is coordinated by nine oxygen atoms of six different C03 groups that are slightly aplanar. Further details on the aragonite structure are discussed elsewhere (Antao & Hassan 2009) .
In calcite, the C03 groups are planar and occur in layers perpendicular to the c axis (Fig. l b) . The C03 groups in one layer have identical orientation, whereas those in adjacent layers are rotated by 180°with respect to the other. The coordination for the Ca atom is six. We have used this model for the calcite structure to 702°C. At higher T, the C03 groups disorder in calcite, and a different structural model is necessary (An tao et al. 2008 (An tao et al. , 2009 .
From the stack of XRD traces at different T and the weight fractions, the bulk of the transition from aragonite to calcite occurs at about T; = 468°C, between 458 and 477°C (Figs. 2a, b) . The trace at 25°C contains a minor amount of "seed" calcite (0.0032 wt. fraction, or 0.32%). In the weight-fraction plot, major changes occur between 420 and 500°C (Fig. 2b) . In this 80°C interval, the aragonite changes to calcite in a very rapid process that took about 10 minutes, as the heating rate was 8°C Imino In the traces above 702°C, a few diffraction peaks from CaO arise from the breakdown of calcite (not shown). Examples of traces from the Rietveld refinement of the aragonite and calcite structure at different T are given (Fig. 3) .
Our aragonite sample has a T; of 468°C when heated at a continuous rate of 8°C/min. and obtaining each XRD trace in regular four-second exposures. For synthetic aragonite, T; is equal to 450°C if heated at a rate of0.42°C/min. (Lucas et al. 1999) . For an aragonite sample from the Atlas Mountains, Serfou, Morocco, T; is equal to 450°C (Wardecki et al. 2008) . Figure 2a is similar to that shown by Lucas et al. (1999) , and our room-T X-ray trace indicates a minor amount of calcite (0.32%) in the bulk aragonite sample, based on refined weight-fractions (Fig. 2b) . The traces from Lucas et al. (1999) also indicate a small amount of calcite in their synthetic sample. Wardecki et al. (2008) reported that powdered biogenic aragonite transforms at 280°C, uncrushed biogenic aragonite transforms at 360°C, and aragonite from the Atlas Mountains transforms at 450°C. The bulk of our aragonite sample transforms at 468°C (Fig. 2) .
The difference in T; between well-crystallized aragonite and biogenic aragonite is probably related to grain size, with the nanosized crystals in poorly crystallized biogenic aragonite transforming at a lower T than wellcrystallized aragonite from sedimentary or metamorphic environments. A small amount of "seed" calcite in aragonite may be necessary to stabilize aragonite under ambient conditions and helps initiate the transformation on heating. Pure aragonite may transform to calcite at a higher temperature than 468°C.
The room-T structural parameters for aragonite obtained from the present IP XRD and HRPXRD datasets are similar to each other, but that obtained by the superior HRPXRD data is more accurate than the IP XRD data (Antao & Hassan 2009 ). However, the close similarity between the two datasets at room T gives us confidence that detailed structural changes can be obtained at high T using the present IP XRD data.
Unit-cell parameters for aragonite and calcite with T
The room-T unit-cell parameters for calcite and aragonite are discussed elsewhere (Antao & Hassan 2009 ). The variations of the unitcell parameters with T for both aragonite and calcite are shown (Figs. 4, 5) . The room-T cell parameters for aragonite are nearly identical to those obtained by HRPXRD data, except for the a parameter, which is slightly different (4.956 compared to 4.962 A; Fig. 4a ).
This small difference arises from the number of reflections used in the refinements and also the different resolutions in the two experimental techniques. In general, the variation of the unit-cell parameters of aragonite increases approximately linearly to 468°C. Linear increases in cell parameters for aragonite were obtained by Lucas et al. (1999) , except that their a parameter variation was found to be non-linear. Wardecki et al. (2008) obtained similar variation in cell parameters for their aragonite samples. In Figure 4a , the a unit-cell parameter for calcite contracts and becomes nearly identical to the a parameter of aragonite, so the transformation probably began as an oriented intergrowth 4, 5, 6b) . At the transition, the percentage change in unit-cell parameters is given (Fig. 4) . The volume increases by 5.76% (Fig. 4d) . When all the axial and volume expansions of the unit-cell parameters are normalized to that of aragonite data at room T and plotted as a function of T, in the case of aragonite the expansion for the c axis is largest, followed by the b axis, and the a axis is the least (Fig. 5) . The expansion of the calcite structure is strongly anisotropic, with the axial expansion along the c axis (normal to the C03 groups) being considerably larger than that along the a axis. A slight negative thermal-expansion effect is observed for the a axis in calcite. The alai. ratio for both aragonite and calcite are nearly the same at all T (Fig. 5) .
The volume thermal expansion for aragonite was obtained by fitting all the cell-volume data simultaneously to the expression:
where V(T) is the volume at any temperature T, VTr is the volume at reference T, and av(T) is a polynomial expression for the volume thermal-expansion coefficient (TEC): av(T) = ao + aiT, The values: ao= 5.47 (± 0.04) X 10-5 and al = 6.12 (± 0.19) X 10-8 were obtained with VTr = 227.01(3) A3 at 25°C. A larger range of high-T structural data for calcite is given in , and these data are included in Figures 4, 5 , and 6b. In that paper, the TEC for calcite was discussed, and is not considered here.
Variation in structural parameters with T
The C03 group is expected to behave as a rigid body, so large variations are not expected for the C-O distances with T. The C-O distances obtained from the structure refinement correspond to the distance between refined average coordinates of the atoms, and they contain the effects from thermal and arc motions. The real instantaneous C-O distance is unlikely to change much with T. In aragonite, the <C-O> distance is nearly constant with T, whereas for calcite, it decreases slightly (Fig. 6) . These values are reliable only where a phase occurs in a significant quantity, so that many diffraction peaks are available to refine the structure properly. The hump observed for the C-O distance in calcite before T; may not be significant (Fig. 6a) . In aragonite, the average <Ca-O> distance increases slightly with T and is larger than those in calcite because of the nine-coordinated Ca atom in aragonite compared to the six-coordinated Ca atom in calcite (Fig. 6b) . For calcite, the average <Ca-O> distance increases slightly with T, and a kink is observed near Te. The isotropic displacement parameters (U) for the atoms increase with T, as expected (Fig. 6c) .
From aragonite to calcite, the distribution of the Ca atom changes from approximately hexagonal to cubic close-packing. The spacing of the low-index planes, for example, the (100) planes, or a axes, in both calcite and aragonite are related, so an orientational relation exists for the two phases, which aids in the transformation process (Fig. 4) . Nine-coordinated Ca atom and higher density occurs in the high-P aragonite phase, whereas six-coordinated Ca atom and lower density occurs in low-P calcite phase. A 5.76% discontinuous increase in volume occurs for this reconstructive first-order transition (Fig. 4d) . Besides the change of the Ca atom coordination from nine to six from aragonite to calcite, there is a 30°rotation in the orientation of the C03 group across the transition (Fig. 1) . 
